It is well known that graphene, which brought the 2010 Noble Prize in physics to Russian scientists Andre Geim and Konstantin Novoselov, exists as two-dimensional carbon layers. The possible range of graphene applications includes development of field-effect transistors for digital and analog electronics, nanoelectromechanical systems, quantum dots, cold cathodes, supersapacitor, gas sensors, and nearly transparent electrodes and coatings. The possibility of using graphene for hydrogen storage and the manufacture of composite materials is also being studied. Being a two-dimensional material, graphene provides ultimate one-dimensional miniaturization and is a convenient basis for manufacture of different nanoelectronic, nanomechanical and nanochemical devices by lithographic methods. The graphene-based device which is closest to being successfully realized for practical application is the gas sensor. The use of graphene makes it possible to achieve a sensitivity exceeding that of all other materials, less than 1ppb. This device combines the comparative simplicity of manufacture with a wide spectrum of possible applications. It should also be mentioned that the structure of the gas sensor actually reproduces the structure of the field-effect transistor. Thus, the gas sensor can be considered the first stage in the development of intricate transistor electronics based on graphene. The paper briefly reviews growth experiments and studies of graphene films on silicon carbide (SiC) and the development of prototype gas sensors based on this material.
Introduction
Graphene is a promising material that has unique properties, such as high surfaceto-volume ratio, low electrical noise, and exceptional transport properties associated with its two-dimensional structure [1] . After a graphene monolayer was isolated in 2004 [1] , much effort has been exerted to study the fundamental properties of this unique structure [2] [3] [4] [5] [6] . The most important of these is related to the confinement of carrier motion, which results in nearly linear carrier energy dispersion and, as a consequence, in extremely small effective mass and huge carrier mobility along the 2D graphene plane Recently, one of the popular methods used to form graphene layers has been the thermal graphitization of single-crystal silicon carbide in a vacuum or under an argon atmosphere [5] . In contrast to the standard approaches, this method can be used to fabricate large graphene samples and allows further lithographic processing. The method utilizes the non-stoichiometric sublimation of silicon from the surface of single-crystal SiC heated to high temperatures, which yields a hexagonal lattice of carbon atoms remaining on its surface. The quality of the layers being obtained is provided by a pre-growth treatment of the SiC substrate. Note that, as far as we know, this method most probably gives a multilayered structure. Thus, we believe that a study of such structures is an important issue for the physics and technology of graphene.
The high adsorption capacity and the large surface-to-volume ratio of graphene make it attractive as a gas sensing material. In recent years, the interest in air pollutants and their monitoring has steadily increased. Nitrogen dioxide (NO 2 ) is a typical air pollutant that causes environmental and health problems. From this perspective, it is necessary to develop a highly sensitive and an inexpensive gas sensor capable of detecting low concentrations of this gas. Currently, gas sensing experiments demonstrate that epitaxial graphene may be an excellent material for future NO 2 sensors. Graphene layers grown on SiC have demonstrated sensitivities down to the ppb level and a high selectivity for NO 2 detection in the presence of the typical interfering gases [7, 8] .
Sublimation growth of graphene
It is well known that heating of silicon carbide (SiC) causes the primary sublimation of silicon (Si) atoms and the graphitization of the underlying silicon carbide surface [9] (Fig. 1) . After the discovery of numerous forms of nanocarbon (nanotubes, fullerenes, etc.) there appeared an idea of obtaining new carbon structures on silicon carbide via the in vacuo-controlled thermal decay of the crystal's surface [10, 11] .
FIG. 1. Diagram of how graphene is formed on the surface of a SiC wafer
After the first planar nanocarbon films ("exfoliated grapheme") were obtained in 2004 by the laser-mediated peeling from bulk crystalline graphene [1] , studies were focused on obtaining a monoatomic layer of carbon on a SiC wafer. There have been several publications reporting that graphene films were obtained on the SiC surface. The communications [12, 13] demonstrated that a graphene film can be obtained in a high vacuum (∼ 10 −10 Torr) on axis 6H-SiC wafer by the surface thermal decay method. In [14] , planar monoatomic carbon films formed on a 4H silicon carbide wafer were also studied.
It was shown in [15, 16] that nanocarbon layers can be formed on the SiC surface by the sublimation method in an open system. At the same time, no additional etching of samples in hydrogen or silicon vapors was required. This significantly simplified the process by which the films were obtained. The thickness of the resulting film was strongly dependent upon the annealing temperature. However, the structural and electrical properties of this film were more variable and sensitive to numerous technological factors, including the pre-growth surface treatment. Some of the existing dependences have been determined, but further analysis of these is required. According to the reflection high-energy electron diffraction (RHEED) method, the film contained two-dimensional graphene crystals. Measurements demonstrated that the films formed on the carbon face of SiC have a better structural perfection than those formed on the silicon face. The data obtained confirm that the optimal temperature range to form graphene on the SiC surface is 1300 -1400
• C.
Analysis of the films obtained
In addition to the conditions in which planar nanocarbon layers are formed on the SiC surface, various properties of the carbon film and the graphite/silicon carbide system are also being actively studied. The authors of [17] examined the electronic structure of the interface between the 6H SiC (0001) wafers and the graphite film. A structural analysis of the multigraphene (several graphene layers) structure/4H-SiC was made in [18] . The samples were subjected to a surface X -ray diffraction analysis. The distance between the wafer and the first monoatomic graphene layer was shown to be only 1.6Å.
However, in all of the above-mentioned articles, attention was given to the structural analysis of graphene films, without due consideration of their electrical properties. This is partly due to the difficult fabrication of any contacts to such nano-objects as a one-layer-thick carbon film. A technological process for the manufacture of a graphene-based MESFET was suggested in [19] . The only exception is the communication [20] , in which the formation of a field transistor structure on a film grown on the SiC surface was reported. As follows from the text of this communication, the carrier mobility in the given film was 535 cm 2 /(V·s), which is considerably lower than the mobility in the "exfoliated" graphene, where, according to [2] , it has a value of 15,000 cm 2 /(V·s) at room temperature. A possible reason for this behavior is the low structural perfection of the graphene film studied in [21] , which, according to the AFM image, had multiple holes ∼ 0.5 µm in diameter. One possible reason why the film is porous is the imperfection of the pre-growth surface treatment, including residual surface impurities (oxygen and other adsorbates), which can react with carbon atoms during the course of thermal destruction to form volatile components (e.g. CO, CO 2 ). Detailed analyses have been made of Raman spectra of the films [22] and their transport properties [23] .
In [24, 25] , test structures for electrical measurements were formed the sample surface in the Hall-bar configuration by etching with an argon beam through a photoresist mask. Measurements of the current-voltage characteristics and the Hall effect were made at temperatures ranging from 2 -300 K. It was stated that at T < 4 K, the conductivity weakly depends on temperature and becomes lower with decreasing temperature, in accordance with the weak logarithmic law typical of two-dimensional dirty metals (weak localization mode). According to the theory, the slope ratio of the logarithmic dependence for a two-dimensional system is universal and defined as e 2 /h ∼ 4 · 10 −5 Ohm −1 . For the samples under study, this slope ratio is almost the same (2 − 3 · 10 −6 ), which is several times less than the universal value. However, the conductivity calculations disregarded the following fact: the samples had a rectangular, rather than square, shape. The resistance for the square should then be reduced by a factor of 5 -10. Accordingly, the slope ratio for the conductivity temperature dependence should be increased (at the sample length 10 times the width, this slope ratio will be 2 · 10 −5 Ohm −1 , which almost coincides with the theoretical estimation). At low temperatures (1.4 K), the conductivity tends to level-out ("saturate") for both samples. The observed saturation of the low-temperature conductivity can be attributed to the finite size of the conducting sample (∼ 10 µm), compared to the phase fault length L, which at low temperatures may be comparable with the sample size. At the same time, the logarithmic dependence disappears. Multigraphene is characterized by L of ∼ 1 − 10 µm at low T . The Hall effect measured at low temperatures, gives for all temperatures the same carrier concentration n ∼ 10 12 cm −2 for one layer. At the same time, the Hall mobility is low, about 100 cm 2 /(V·s). The comparatively high carrier concentration (10 12 cm −2 ) and low mobility, 100 cm 2 /(V·s), confirmed that, rather than being intrinsic, carriers are due to defects in multigraphene or at the SiC-multigraphene interface (GR/SiC).
In [25] , the properties of a graphene film grown on SiC were studied "ex situ" by atomic force microscopy (AFM), Raman spectroscopy (Fig. 2) , low energy electron diffraction (LEED), X -ray photoelectron spectroscopy (XPS), and near edge x-ray absorption fine structure (NEXAFS) spectroscopy. The AFM study showed that the substrate surface consisted of flat and wide (∼ 1 µm) terraces covered with sufficiently large and continuous graphene domains. Numerous LEED patterns obtained from different points of the sample demonstrated the concurrent presence of a well-ordered graphite (1 × 1) pattern and (6 √ 3 × 6 √ 3)R30 pattern inherent to the underlying buffer layer [26] , thus confirming the mainly bilayer nature of the film.
XPS and NEXAFS data obtained on a BESSY II synchrotron (Berlin) specify the chemical composition and electronic structure of the graphene film and confirm its high perfection and mostly bilayer nature. In particular, the bilayer character of the film was confirmed by low energy electron diffraction experiments, as well as by the 0.2 eV shift of the spectrum due to the charge transfer to the substrate, which is typical for bilayer films [27] [28] [29] . Considering the bilayer as a quantum well with a SiC bandgap wall, one can assume that the van Hove singularities appear in the density of states because of the quantum confinement in the normal direction. Indeed, two peaks are seen in the valence band spectrum of graphene near the Fermi level. Their energies are E 1 = 0.5 − 0.2 = 0.3 eV and E 2 = 1.5 − 0.2 = 1.3 eV, with consideration for the 0.2 eV spectrum shift due to the charging the layer. The energy ratio (E 2 /E 1 ∼ 4 = n 1 /n 2 ) and values agree with those calculated for the quantum well (Figs. 3, 4) . 
Graphene gas sensors
Currently, there is an increasing demand for a cost-effective sensor for the detection of environmental pollutants like NO x . Traditionally, transition metal oxides, such as In 2 O 3 , SnO 2 , ZnO, and WO 3 , have been used for sensing [30] . However, a serious drawback for these oxides is that their functional characteristics are strongly dependent upon the conditions used in their syntheses. Recently, epitaxial graphene on SiC has been suggested as a promising route for the mass-production of uniform, wafer-size graphene layers for the detection of gas molecules [7] . At present, this technique can give very high quality graphene films, the size of which is basically limited by the size of the SiC substrate. This technique also provides integration of graphene-based sensors with high-temperature electronics based on SiC. In this communication, we report the fabrication of sensors based on graphene films and their tests in ambient gas sensing.
Gas sensors were fabricated from the epitaxial graphene films grown by annealing of SiC substrates under Ar or vacuum at temperatures of 1200 -1600
• C. Depending on the annealing time, temperature and atmosphere, the graphene films can contain 1 -3 layers. The thickness of the graphene films was estimated by Auger and Raman spectroscopy. Patterns for the sensor devices were produced on the graphene surface of the substrate by laser photolithography over AZ5214 resist. Reactive ion etching in argon-oxygen plasma was used to remove the graphene layer from uncoated areas. Ti/Au (5/50 nm) contacts were formed by e-beam evaporation and lift-off photolithography with a laser writer over AZ5214 resist. The sample chip was assembled on the holder together with two Pt100 resistors. One of the resistors was chosen for temperature measurements, while the other served as a heater (Fig. 5) . To measure the gas response of graphene, a custom-made gas system was used. The dilution ratio could be varied from 1:1 -1:10 5 , which provided an output concentration in the range from 0.1 ppb (parts per billion) to 10 ppm (parts per million). The response r was expressed in percent and defined as the relative change in the resistance of the sample upon its exposure to the gas, r = (R − R 0 )/R 0 , where R is the resistance with the gas, and R 0 is the resistance of the graphene film under the initial conditions defined by the air flow.
In Fig. 6 , the relative changes in the resistance of graphene-based sensors upon exposure to NO 2 (exposure periods marked as light grey bands) at 20
• C are presented. Because the desorption rate of NO 2 is very low at room temperature, the sensor was heated at 110
• C after each exposure to restore it to its initial pre-measurement state [8] .
The response signs for samples grown by different methods are opposite. According to Raman spectroscopic data, the graphene grown by vacuum annealing is multilayer, while that grown under Ar is single-layer. For multilayer graphene, p-type conductivity is expected, whereas n-type conductivity is observed for the single-layer material. NO 2 is a strong oxidizer, FIG. 6. Response upon exposure of graphene grown by annealing in a vacuum (left) and in argon (right) to a gas mixture containing NO 2 gas at 20
• C. The exposure periods are marked as light gray bands, and the annealing periods, as dark gray bands withdrawing electrons from the surface on which it is adsorbed. Therefore, its adsorption on the graphene surface is expected to reduce the electron density and raise the hole content. In the case of the n-type material, this leads to an increase in resistivity, whereas for the p-type, the resistivity decreases. For the NO 2 concentration of 10 ppb, which is typical for environmental monitoring, the response of the multilayer graphene-based sensor is about 3 % upon a 1 h exposure. The response of the single-layer graphene to NO 2 exposure is much stronger and reaches 15 % under the same conditions. This can be accounted for by the screening of the inner layer of the multilayer graphene from adsorbed NO 2 molecules. Nevertheless, the sensitivity of both sensors is sufficient for the environmental monitoring.
Conclusion
An analysis of graphene manufacturing methods has shown that the most promising technique for the production of electronic devices from this material is the thermolysis of a silicon carbide surface. However, films formed by this technique have lower carrier mobility than the films obtained by "exfoliation", but have predictable dimensions and are much more compatible with existing production methods for semiconductor devices. Simple resistive devices based on epitaxially-grown graphene were fabricated and tested for their sensitivity to NO 2 gas. The devices are sensitive to low concentrations of NO 2 . The sensor based on the single-layer graphene exhibits a superior performance, compared with the analog that utilized multilayer graphene.
